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Introduction

= Qutstanding problems in particle physics
and the role of hadron colliders

= Current and near future colliders: Tevatron and LHC

Standard Model Measurements
= Hadron-hadron collisions

»= Cross Section Measurements of jets, W/Z bosons and top quarks
Constraints on and Searches for the Higgs Boson

= W boson and Top quark mass measurements

= Standard Model Higgs Boson

Searches for New Physics
= Supersymmetry
= Higgs Bosons beyond the Standard Model
= High Mass Resonances (Extra Dimensions etc.)

First Results from the 2009 LHC run






Calculating a Cross Section
= Cross section is convolution of pdf's and Matrix Element

Physical cross Parton distribution function o
section Renormalization scale g

o Py, )J—Z/ dridzy fi(xq. pr ) filre. pur) oij(p1,p2. as(pr), ()~ LRy JLF ).
A

\

Short distance cross

Factorization scale ug section, calculated as
a perturbation series

1N g

= Calculations are done in

perturbative QCD
\ / = Possible due to factorization of
5 (ats) hard ME and pdf’s
Can be treated independently
, /_m = Strong coupling (o) is large
={f,(z)) Higher orders needed
A Calculations complicated

o
i\



= |t's complicated:

= Valence quarks, Gluons, Sea
quarks

= Exact mixture depends on:
= Q% ~(M?+p;?)
= Bjorken-x:

= fraction or proton momentum
carried by parton

= Energy of parton collision:

Xy N\\ X




The Proton is Messy

—— . —1 underlying event

parton

distribution mp X =W, Z, top, jets,

functions / W\ SUSY, H, ...
=

higher-order pQCD corrections;
accompanying radiation, jets
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= We don’t know AT
= Which partons hit each other I
= What their momentum is L II
= What the other partons do s |
- We knOW rOugth (2-300/0) é 01 Q- 2 W ()

= The parton content of the proton
= The cross sections of processes

20 50 102 200 400

Q/GeV



Every Event is Complicated

“Hard” Scattering

Outgoing Parton

H —ZZ—p ppu*w)

AntiProton

Underlying Event nderlying Event

Outgoing Parton Reconstructed tracks

with pt > 25 GeV

= “Underlying event”:

= |nitial state radiation

= |nteractions of other partons in proton
= Additional pp interactions

= On average 20 at design luminosity of LHC
= Many forward particles escape detection

= Transverse momentum ~0
= Longitudinal momentum >>0



Number of Particles per Event
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©
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= First measurements of ALICE and CMS

= Number of particles per unit n:
3.5at0.9TeVand4.5at2.36 TeV=>=6at7 TeV?



Kinematic Constraints and Variables

%]
= Transverse momentum, p- 0) JPr

= Particles that escape detection (6<3°) have pT~O Pz
= Visible transverse momentum conserved ) p{'=0
Very useful variable!
* Longitudinal momentum and energy, p, and E
= Particles that escape detection have large p,
= Visible p, is not conserved
Not a useful variable
= Polar angle 6
= Polar angle 0 is not Lorentz invariant
= Rapidity: y | E+p

* Pseudorapidity: =3 z—>

For M=0

y=1=—In(tan <)



Parton Kinematics

pdf’s measured in deep-inelastic scattering

= Examples: ‘é} 1; Q’=10000 GeV?>
= Higgs: M~100 GeV/c? T s — uwp
LHC: <x,>=100/14000=0.007 £ 14 ~ luon/10
TeV: <x,>=100/2000=0.05 = ' - bottom
= Gluino: M~1000 GeV/c2 <,
LHC: <x,>=1000/14000=0.07 £ 0.6
TeV: <x,>=1000/2000=0.5 0.4
0.2
0* 107 102 10

= Parton densities rise dramatically towards low x

= Results in larger cross sections for LHC, e.qg.
factor ~1000 for gluinos

factor ~40 for Higgs (at Vs=14 TeV)
factor ~10 for W’s
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Ratio of Luminosity: LHC at 7 TeV vs Tevatron

1000 ¢

WJS 2010

Power of collider can be
fully characterized by ratio
of parton luminosities

Ratio larger for gg than qE% 100

ratios of parton luminosities
- at 7 TeV LHC and Tevatron

==
LB B B N N N B &N B N N §N _§ |
[ [ IIII 'l Il 'l b b il

= Due to steap rise of gluon > !

towards low x S i | _

£ |

M,=100 GeV § ol / ]
i ! ¥

" 99: R=10, e.g. Higgs L : ]
gg 9. TI99 ! 5qq -

* 0. R=3,e.g. Wand Z : : 3
I\/IST\{VZO(I)SI\IJL(.)I ,,,l B
MX=800 Gev 1101 102 10°

M, (GeV)

* gg: R=1000, e.g. SUSY
= Jg: R=20, e.g. Z
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More on Parton Luminosities

CTEQ6L1: gg CTEQ6L1: ud
10° ; 7 108 |
102 - 102 b |
s 5
-~ | | “— 1 - ]
g 10 g 10 R0.9
S 2 —— R2
2 R.9 e R4
9 100 | = R4 2 100 F i . R6
= R6 © R7
. v if
ot b {=—m o} -
102 : ' 1072 ‘ ‘
102 210 10-1 2*10° 100 102 2102 101 210" 100
V3 [TeV] V3 [TeV]

= Looking at these in detall gives excellent idea about relative
power of LHC vs Tevatron, i.e.

= How much luminosity is needed for process X at LHC to supersede the
Tevatron?

= And how much is gained later when going to 14 TeV
= Plots from C. Quigg: LHC Physics Potential versus Energy,
arXiv: 0908.3660
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Standard Model Cross Section
Measurements as test of QCD

= Jets
= W and Z bosons
= Top Quark Production

13



What is a Cross Section?

= Differential cross section: do/dQ:

= Probability of a scattered particle in a given
guantum state per solid angle dQ2

E.g. Rutherford scattering experiment
= Other differential cross sections: do/dE(jet)
= Probability of a jet with given E;
= |[ntegrated cross section
= Integral; o =/do/dQ dQ

Measurement:

o=(N

obs

Nyo)/(eL).

T

Luminosity
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Cross Sections at LHC

“ . . s Sln‘? T —rTTrrr —rTTrTr
= Alot more “uninteresting” than &,

“interesting” processes at design
luminosity (L=103%4 cm2s™)

Any event: 10° / second

W boson: 150 / second

Top quark: 8 / second
Higgs (150 GeV): 0.2 / second 02 [ e EF > 1s/20)

= Trigger filters out interesting 10!
processes O F e 0060
= Makes fast decision of whether to |
keep an event at all for analysis 102
= Crucial at hadron colliders 10 m/

jet -,
I(J4 Jel‘E \S/ 4\

Y tot

ion

Tevatron

/

Gbar

o
—
[

—
~

||
=

|
o

Cross sect

yl

—

= Dramatic increase of some cross '
sections from Tevatron to LHC v
I“-.' aaaal " a3 aaaal " a3 aaaaal

= |Improved discovery potential at LHC 0.1 | 10
vs (TeV)



Luminosity Measurement

R/')p — ILI/')/) ' ‘f/)’(' —

[ - luminosity
fi. - Bunch Crossing rate
w,— # of pp /BC

= Measure events with O
Interactions
= Related to Rpp

= Normalize to
measured inelastic pp
Cross section
= Tevatron: 60.7+/-2.4 mb
= LHC: 70-120 mb ?

q

!i Ginel =

LM

co(L)-L
inelastic x-section
£,p— acceptance for a single pp
o(L) - detector non-linearity

pp and pp CDF

‘E710/E811

10
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partonic subprocesses for
central inclusive jet cross section

fractional contribution

Q' (GeV))

10 ¢

10°

10+

w

10

102

10

. DO Central + Forward Jets

_ B8 cDEDO Central Jets

ZEUS 95 BPC+BPT+SVIX &
H1 95 SVIX + H1 96 ISR

[ [] ZEUS 96-97 & H194-97 prel
E665

i CHORUS

=[] ccrr

. 7] s~NR-1HEP
=[] JLAB E97-010
F [] Bcoms
3 NMC
SLAC

10 107 10 10 10 10~ x1

Inclusive jets: processes qq, 99, 99

Highest E; probes shortest distances
= Tevatron: r,<10® m
* LHC: r<10¥ m (?)
= Could e.g. reveal substructure of quarks

Tests perturbative QCD at highest
energies
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Jet Cross Section History

Inclusive Jet cross section

> : i
Q r i i
[} g
8 102% """"""""""""" CDF Preliminary
o [} @ 1 GGAGE
g \ | | 1992-93
1 : :
E - NLO QCD prediction (EKS)
0L ~ cteqdm p=E/2 R =13
10'2E
1000
4| \Q
10 = :
: - e
0 Statistical Errors Only \\.
B S AP A R IV AU S B
50 100 150 200 250 300 350 400
Transverse Energy (GeV)
1 — T
[ ncoaco creaswy  Pata/CTEQ3M]
o CDF (Preliminary) _
i A DO (Preliminary) ]
> i |
o
2 o5 } _
}: | .
: : ﬁ} Lok
= i |
o] radatastsaapd B 5 bty
2 s 1

-0.5

Statistical Errors Only

|||||||||||||||||||||

= Run | (1996):

= Excess at high E-

= Could be signal for quark
substructure?!?
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nb/GeV

(Data - Theory)/ Theory

o G CDF Preliminary
o [} ®1994.95
g \_- 1992-93
1 &
E - NLO QCD prediction (EKS)
w0’ - cteq4m p=E/2 R, =1.3
10'2E
107 : |
o \\\.
10 =
L ; \ <
10°. Statistical Errors Only \
‘ ~e
50 100 150 200 250 300 350 400
Transverse Energy (GeV)
]
I NLO QCD (CTEQ3M) Data/ CTE 3M
o CDF (Preliminary)
i A DO (Preliminary) ]
05| jL ]
: : ﬁ} Lok
L - §§§ $ .
I Statistical Errors Only
o5 b 4 .

Jet Cross Section History

Inclusive Jet cross section

100 200 300 400
Et

= Since Run |[:

= Revision of parton density
functions

(Data - Theory)/ Theory

Gluon is uncertain at high x

It including these data describes

data well

o) CDF (Preliminary) * 1.01
A DO (Preliminary) *0.98

NLO QCD (CTEQHJ) Data/CTEQ4HJ

Statistical Errors Only

o5 b vy

100 200 300 400
Et
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Jet Cross Sections in Run i

—=10?
Q
-gg, 10 Midpoint (R =07.f  =0.75,R__=13)
— 1 CDF Run Il Preliminary
-
Ol 0
“of>- 10 0.1<|Y|<0.7
R
2
19 J. L=1.04 fo”
10
10
5
10 I:I Systematic uncertainty
10
b Data corrected to hadron level
107 NLO pQCD EKS CTEQ 6.1M {u :Pf"/z)
10.;;”.1..AAI...Al....l....lA..,lA..
0 100 200 300 400 500 600 700
P2*(GeVic)
g' 3__ Data corrected to the parton level
1) -
.'E _ NLO pQCD EKS CTEQ 6.1M (u =Pf‘/2)
E 2.5__ Midpoint (Rme=0.7, fmerge=0.75, RSep=1.3) =
S B 0.1<]Y|<0.7 L=1.04 fb”
-g | ———— PDF uncertainty on pQCD
I - MRST 2004 / CTEQ 6.1M
o | . Data / NLO pQCD
g - [ Systematic uncertainty
b~ - I Systematic uncertainty including —
8 1.5 hadronization and UE
b -
* - |
a -
2 -
o 1
- CDF Run Il Preliminary
05 1.
0 100 200 300 400 500 600 700

P3*(GeVic)

g 108 D@ Run Il preliminary
3104 * |ly|<0.4(x10)
%;103 o 0.4<|y|<0.8
§' 10?
e
10 \s = 1.96 TeV
1 L =378 pb’
10"
102 — NLO QCD
CTEQ6.1M
10° Mg = Mg = Pr
10%E . 1] 1
50 100 200 400
pr (GeV)

Excellent agreement with QCD
calculation over 8 orders of
magnitude!

No excess any more at high E;

= Large pdf uncertainties will be
constrained by these data
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New Physics or PDF’s?

L o12f

1.1<|y|<1.6

<

A

=

-
Data / Theory

1.6<|y|<2.1

Data / Theory

L L L _L_ _L_ _L _Ll PERFEEEN B S Loowow o by o b by by a b a
100 200 300 30 230 700

1 1 1
0 50 100 150 200 250 300 350 400 450

3.5¢ pJET (Gev/c)
3t T
2.5t —*—— CDF Data (1.13 fb'1) / NLO
ol —— PDF Uncertainty
1 5- ............................................. MRST 2004 / CTEQ61M
’ [ 1 Systematic uncertainty
1 [  Including hadronization and UE
0.5F, [P B |

1 | |
0 100 200 300 400 500 600 70
p}'ET (GeVic)

= Measure in different rapidity bins:
= New physics: high p; and central y ( <> high Q?)
= PDF’s: high y ( < high x)

Midpoint: R=0.7, f =0.75

merge



CDF Run II Preliminary

Jet Etl = 666 GeV (corr)
583 GeV (raw)
etal = 0.31 (detector)

0.43 (corr z)

Jet Et2

633 GeV (corr)
546 GeV (raw)
eta2 = -0.30 (detector)
-0.19 (corr z)

Run 152507
Event 1222318

DiJet Mass = 1364 GeV (corr)

-25 cm

Z vertex
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= Much higher rates than at

Jets at the LHC

the Tevatron

= Gluon dominated production

= At 500 GeV: ~1000 times
more jets (Vs = 7 TeV)

‘Q
O 10’
b|o_ 10°
10°
10*
10°
107
10
)
10"
107
10°

B JL—01 fb”
- do _do _4 fb_ fb_~0.1 events
T dp GeV~ GeV
T Ws=14TeV
CMS: -+
100 pb-! L
1111111 Lo v bvv by g Iy Ch

0 (nb/1eVv)

-4
10 0

500 1000 1500 2000 2500 3000 3500 4000

P, /1GeV

d~o/dndl ‘,rl'I

10) E T T T I I
10* En 3
3 QCD-LO, u=E2 3
10° B ——CTEQ4M ]
L -- CTEQ4HJ 7
ok e MRST 3
EY N 3
10t E Y i
E | \,l.
100\ 1
0tk ? .
E \
N\
107 F | :
10-3 L |l 8 V\\ . ]
o108
07 N E
C | R ]
107 | ':l N L H C E
06 [ |[Vs=18TeV Ny Vs=14TeV ]
107 3 ; FNAL :
10-3 PERETEREL. /S TR TR SR TN (N SR T TR SN N ST SR ST NN SN S RN S
0 1 2 3 4 5

jet Cross Sectlon

E; (TeV)
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W and Z Bosons

Focus on leptonic decays:

= Hadronic decays ~impossible due to
enormous QCD dijet background
Selection:
= Z:
Two leptons p;>20 GeV
Electron, muon, tau

= W:
One lepton p>20 GeV

Large imbalance in transverse
momentum
Missing E;>20 GeV
Signature of undetected particle
(neutrino)

Excellent calibration signal for many
purposes:

= Electron energy scale

= Track momentum scale

= Lepton ID and trigger efficiencies
= Missing E; resolution

= Luminosity ...

proton

<)

antiproton

antiproton

24



Lepton Identification

Electrons:

= compact electromagnetic cluster in

calorimeter
= Matched to track
Muons:
= Track in the muon chambers
= Matched to track
Taus:
= Narrow jet
= Matched to one or three tracks
Neutrinos:
= |mbalance in transverse
momentum
= [nferred from total transverse
energy measured in detector
= More on this in Lecture 4

electromagnetic  padronic muon
calorimeter calorimeter chamber

tracking chamber

ﬁ /—~\
electromagnetic  padronic muon

calorimeter calorimeter .,
. chamber
tracking chamber -

— _— H

electromagnetic padronic

] calorimeter calorimeter Chﬁﬁ}ggr
tracking chamber

%

electromagnetic padronic

; muon
calorimeter calorimeter shamber

tracking chamber
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Electron and Muon ldentification

= Desire:
= High efficiency for isolated

electrons

= Low misidentification of jets

= Performance:

= Efficiency:

60-100% depending on |n|

Measured using Z's

Efficiency

e
®

Electron Identification Efficiency
o
=)

—
T

o
£
T T

Tight ID Cuts
Loose ID Cuts

0.2
- CDF Il Preliminary L=1fb" -
L1 | Levn 1 | ‘
0 -2 1 0 1 2
n
i | | T
1= -
0.9F s
0.8 -
0.7 -
0.6 =
F 4 & All E
0.5¢" = Stand-alone ?
0.45} o Combined =
é 1 1 1 l 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 l 1 lE
0.39 0.5 1 15 p) 55
nl



Electrons and Jets

Run 1668932 Evt 2775140 Sun Oct 27 03 15:49 2002 Run 165892 Evt 3223863 Sun Oct 27 03:43:08 2002
ET scale: 49 GeV E sc y e\
‘ Hadronic Calorimeter Energy
I B P ey,
&, - ~
( /, [ .. . \\‘ ¢ Qo ° S S S
, £/ RS : S AR\ ’ 5
( it i) }
'y : [ \; —
. |
\ ' ’,/ '
e ]
Q

Electromagnetlc Calorlmeter Energy |

= Jets can look like electrons, e.g.:

= photon conversions from =%’s:
~30% of photons convert in ATLAS (13% in CDF)

= early showering charged pions
= And there are lots of jets!!!
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Jets faking Electrons

= Jets can pass electron ID

cuts,
= Mostly due to

early showering charged pions
Conversions:n0—yy—ee+X

Semileptonic b-decays
= Difficult to model in MC

Hard fragmentation

Detailed simulation of

calorimeter and tracking volume
= Measured in inclusive jet data

at various E- thresholds
= Prompt electron content
negligible:
N,,~10 billion at 50 GeV!
= Fake rate per jet:
CDF, tight cuts: 1/10000

ATLAS, tight cuts: 1/80000

= Typical uncertainties 50%

-

o
-
=

J L=1.04 fb"

Jet20 (prescale=776.8)
Jet50 (prescale=33.6)
Jet70 (prescale=8)
Jet100 (prescale=1)

Number of Jets

10
10°
2 =|
10 0.1<|Y|<0.7
10 ]
1 CDF Run Il Preliminary
1 1 [ 1 | - I 1 1 I

NI R L v e L

0 100 200 300 400 500 600 700
R

P;™" (GeVic)

| Jets faking “loose” electrons |

[ . Jet E;>20 GeV
[ O Jet E>50 GeV | R
I o Jet E>70 GeV —‘ 3

[ o Jet E>100 GeV

Fake Rate (%)

0 5 10 15 20 25 30 28
E= (GeV)



W's and 2’s

Di-Electron Invariant Mass Spectrum

= Z mass reconstruction Lo COF Ran W prlminary o,
. (‘2 7000 ;_J' L dt=1.01 fb" — Drell-Yan MC
= |nvariant mass of two leptons PP
‘m = /(E1 + E2)? — (p1 + D2)? ‘ ij:::
= Sets electron energy scale 3000
by comparison to LEP
measured value R

v | I 1 M —
70 80 90 100 110

= W mass reconstruction PiElectron Mass (GeVic)
. - | D@ Run Il Preliminary |
= Do not know neutrino p, 10000 . ~om
0] L — W= p MC
. N L . — W—tMC
= No full mass resonstruction g seoo ;1 oo
possible & 000 — e
= Transverse mass: 4000
2000 L
_ 012 vi2 _ (A —1,\2 - ’ AN
| = bR G | N
0 20 40 60 80 100 120 140 160 180 200

W Transverse mass (GeV) ?



Tevatron W and Z Cross Section Results

Uncertainties:

= Experimental: 2%

= Theortical: 2%

= Luminosity: 6%

Can we use these

processes to

normalize

luminosity?

= |s theory reliable
enough?

' OrnanLo=268754pb |

W | Omano=251.315.0pb

NNLO Theory (Martin, Robarts, Stiring. Thome) NNLO Theory (Martin, Roberts, Stirling, Thorne)
L. CDF (u) CDF (1)
2768 + 65 - 48 9
Lo CDF (e) CDF (e)
2780 = 61 O _—
CDF (e + ) CDF (e + )
e 2775+ 53 o 254+ 5
DO prel. (e) DO prel. (e)
e 2865+ 75 - 264+ 10
DO prel. (u) DO prel. (u)
82989 + 82 m-- 291+ 7
CDF prel. (e): n|>1 DO prel. (1)
""" 2874170 ¢ 237+ 23
CDF prel. (1) " CDF prel. (1)
0_.—.—._1 +
2620 + 221 242+ 54
2500 3000 3500 4000 200 250 300 350

W Cross Section (pb)

Z Cross Section (pb)

400
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1/c doldY

Arg

More Differential W/Z Measurements

CDF 11 preliminary

Q.

Q

Q.
<

Z/y Rapidity
—— NNLO, MRSTO1

- Data
0.3 { I d
0.25
0.2
0.5
0.1
0.05—
3 -2 -1 0 1 2 3
Y(2)
1 -
0.8 {
N fel
0.6 :_ -------- N I'::‘::‘:‘:T:.‘_T:.‘_T:--:-" ====
0.4 T
R 'S
0.2
-0 :—
= DG Run Il Preliminary
0.2 :— 177 pb
u e Data
0.4 ZGRAD
o PYTHIA
-0.6 - —— Z'sm: M = 600 GeV
N R Z'sm: M =800 GeV
-0.8 —
_1: IR BTSRRI BT WA R R
70 80 90100 150 200 250 300 350 400

Meco (GeV/c2)

(I/GZ) X do/dM

o

W Charge Asymmetry

1
337 pb’!
-1
10
]
10~ do/dM
-3
10
-4
10
-5
10
i
(6] 50 100 150 200 250 ;00
di-muon mass (GeV/c”)
0.8_ T T T T T T T T T T T T I T T T T T T T T I T T T T ]
o.7f. CDF Run i Preliminary | L=1fb " ]
) E —e—— 1 fb"' data(stat. + sé/sl.) ]
0.6 .. NNLO_Prediction(MRST2002). ... i . 7
- ] CTEQ6M PDF Undertainty Band 3
0_5:_ ......................................................................................................... _:
0.4 —
0.3:_ ....................................................................................................................... _:
0.2 :_ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, _:
0_1:_ ................................................................................................................................ _:
1 1 1 1 | 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 :
3

%

0.5 1 1.

2

2.5

W rapidity
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LHC signals of W’s and Z’s with 50 pb-!

S3500 T T (LRI B AL BURLELE R (. C L I IR B L B B
. C . 8 — Wy

%000 - ATLAS 4 3 10 ATLAS e " -

& F 1 1 = o s

2500 ELprxtrapolated Backgrosd 3 L Zuy ]

C I Signal . - * 11 -

2000 Il CCD MC stat (x 50) 3 10° é:‘ =:QCD E

o

1000E- 1 E
- 7 KA ) A =) = = o 1 | |
%720 40 60 80 100 120 140 160 180 200 0 20 40 60 8 100 120 140

Invariant Mass Mee (GeV) Mry [GeV]

iy I [ L) [ ] [ ] [ ) UL L LA LT

4 80990 Useful Z—ee event yield :

2 _

© 25000F-50 pb™’ -

= 50 pb-' yield clean signals § 20000 + 3

. w =

= Factor ~2 smaller yield at 7 TeV 15000 —+— c

= Experimental precision e : | E

= ~5% for 50 pb™' @ ~10% (luminosity) 50 ATLAS preliminary estimate-

1 . . qut sm?u/at/qn :

= ~2.5% for 1 fb" ® ~10% (luminosity) o

26 8 10 12 14
E.. (TeV)
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= At Tevatron, mainly produced in pairs via the strong interaction

Q /J t
. ” 20000/ =
(\\ 9
q e

= Decay via the electroweak interactions  Br(t =Wb) ~100%
Final state is characterized by the decay of the W boson

Dilepton
Lepton+Jets

All-Jets

l Different sensitivity and challenges in each channel '

33



How to identify the top quark
SM: it pair production, Br(t—bW)=100% , Br(W—Ilv)=1/9=11%

dilepton (4/81) 2 leptons + 2 jets + missing E;
l+jets (24/81) 1 lepton + 4 jets + missing E;
fully hadronic (36/81) 6 jets
(here: I=e,u)
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How to identify the top quark
SM: it pair production, Br(t—bW)=100% , Br(W->lv)=1/9=11%
dilepton (4/81) 2 leptons + 2 jets + missing E;

leptontjets (24/81) 1 lepton + 4 jets + missing E;
fully hadronic (36/81) 6 jets

missing ET
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How to identify the top quark
SM: it pair production, Br(t—bW)=100% , Br(W->lv)=1/9=11%
dilepton (4/81) 2 leptons + 2 jets + missing E;

leptontjets (24/81) 1 lepton + 4 jets + missing E;
fully hadronic (36/81) 6 jets

missing ET ‘more jets ‘

36



How to identify the top quark
SM: it pair production, Br(t—bW)=100% , Br(W->lv)=1/9=11%
dilepton (4/81) 2 leptons + 2 jets + missing E;

leptontjets (24/81) 1 lepton + 4 jets + missing E;
fully hadronic (36/81) 6 jets

‘ more jets ‘
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Top Event Categories

Dileptons

Oe-e  (1/81)
O mu-mu (1/81)
B tau-tau (1/81)
Oe-mu (2/81)
Oe-tau (2/81)
B mu-tau (2/81)
Hetjets (12/81)
B mutjets(12/81)
B tautjets(12/81)

Ojets  (36/81)
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Tevatron CMS Preliminary @ 10pb" | B (oignad
o 600 ] 8 - [t (othen
§ L=09fb~ < D@ Data 2 i kg
'S w -
> 400 [] other LHC
.g 1 W4jets
3 ¥ Multijet 102
200
10

1 >2
Number of tagged jets

Tevatron:
= Top is overwhelmed by backgrounds:
= Even for 4 jets S/B is only about 0.8
= Use b-jets to purify sample
LHC
= Signal clear even without b-tagging: S/B is about 1.5-2

3 4 =5
Jet Multiplicity



Finding the b-jets
= EXxploit large lifetime of the b-hadron

= B-hadron flies before it decays: d=ct
Lifetime t =1.5 ps™’
d=ct =460 um fzrctzzdary

Can be resolved with silicon detector resolution X Ly .-

displaced
tracks

Primary ~_--~

= Procedure “Secondary Vertex”: /// y

= reconstruct primary vertex:
resolution ~ 30 um prompt tracks z
= Search tracks inconsistent with primary vertex (large d,):
Candidates for secondary vertex
See whether three or two of those intersect at one point
= Require displacement of secondary from primary vertex

Form L,,: transverse decay distance projected onto jet axis:
L,,>0: b-tag along the jet direction => real b-tag or mistag
L,,<0: b-tag opposite to jet direction => mistag!

Significance: e.g. oL, / L,, >7 (i.e. 7o significant displacement)

= More sophisticated techniques exist

X
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= Efficiency of tagging a true b-jet
= Use Data sample enriched in b-jets
= Select jets with electron or muons

= Measure efficiency in data and MC

5. 0.7
A

Characterise the B-tagger: Efficiency

From semi-leptonic b-decay

SecVix Tag Efficiency for Top b—Jets

— Top MC scaled to match data
' Only b—jets with Inl<1

20 46 a@ g 100 120 140 160 180
jet E; (GeV)

b—tag efficiency

electron
jet

ol i e =
[a] (] +~ ()} o
[rrrr[rrrrrrrryrrre

e
T

- Top MC scaled to match data
E Only b—jets with £;>15 GeV

O-ll

0

2 04 06 08 1 1.2 14 1.6 1.8

2

jet

Achieve efficiency of about 40-50% at Tevatron
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Characterise the B-tagger: Mistag rate

= Mistag Rate measurement: “positive” tag  “negative” tag

= Probability of light quarks to
be misidentified

= Use "negative” tags: L, <0

Can only arise due to %
misreconstruction

= Mistag rate for E;=50 GeV:
Tight: 0.5% (e=43%)

SecVix Mistag Rates

Loose: 2% (£=50%) %ﬁﬁzzé
= Depending on physics Tgom:—
analyses: 0.03F
Choose “tight” or “loose” 002 f
tagging algorithm 001 ' Only jets with Inl< 1
N eV T T A BT S

20 40 a0 go 100 120 140 160 180
jet E; (GeV)
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= Select:
= 1 electron or muon
= Large missing E;
= 1 or 2 b-tagged jets

‘missing ET ‘

1000 — et 801
== double-tagged
| Muttjet a0 events, nearly
202_ no background

1Jet 2Jets 3Jets >4Jets 0 1Jet 2Jets 3Jets >dJets

1

Check Top Signal o(tf) = 8,3+0-6_005(stat) + 1.1 (syst) plzm

backgrounds




Events

Events

Data and Monte Carlo Comparison

D@ Runll Preliminary

60F —— DATA
- B 7 — |+jets (8.3pb)
o — ff—» Il (8.3pb)

50 - I single top
- 3 wee

40— [ Wob
s I Wj)

30 . 7
- E Muitijet

200

10 ;—

&2

D@ Runll Preliminary

20 40 60 80 100 120 140 160 180 200

Lepton p_[GeV]

1

LLI lllll LLI Illll Il lllll lllll LLI lllll ll lllll LLI lllll

&3

—s— DATA
B T — l+jets (8.3pb)
[ F — 1l (8.3pb)
I single top
3 wee

B woo
R

B Ztautau

1 Multijet

200

250 _ 300
Leading Jet p_ [GeV]

Events

Events

DO Runll Preliminary

50
40

30
20
10

mrryrrrrprrrryrirrrrrreyT

2

D@ Runll Preliminary

—=— DATA

I i — |+jets (8.3pb)
= it — 11 (8.3pb)
I single top

T wee
= Wb

20 40 60 80 100 120 140 160 180 200

Missing E_ [GeV]

—=— DATA

45
40
35
30
25
20
15
10

5

LLLN LLRLE LRLLN LRLRY LRLLE BRI LRI RLLRI LR L

B 1t - 1+jets (8.3)cb
B it - 1 (83)00
Bl single top

] wee
B woo
Cawj
B Z—rr
E Multijet

50 100 150 200 250 300 350 400 450 500

H, [GeV]
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= Select: a

Events

= 2 leptons: ee, eu, uu
= Large missing E;
= 2 jets (with or w/o b-tag)

: ‘b-jets ‘

‘missig ET ‘

w/o b-tag with b-tag

18|  CDFRunll pre_liTi:azry (750 pb™) | B[ oD@ Data D@ Runll Preliminary, 370 pb*
160 A2\ Bkgd + 1o uncertainty ]
[Jtic=83pb)
140 | ] wwiwz
oy
120
100 3
80} -~
60f \
[
40} |
20
0

0 jet 1 jet >2jet HT>200+0S
Jet Multiplicity after Z veto, MET > 25 GeV and L-cut

2

Number of Jets

o0 =6.2£0.9 (stat) £ 0.9 (sys) pb 45



The Top Cross Section

L I L I LI I T | L I L I L

|:| Cacciari et al. JHEP 0404:068 (2004)
Kidonakis,Vogt PRD 68 114014 (2003)

Assume m=175 GeVic’
CDF Preliminary

'Dilepton
(L= 750 pb™)

8.3+1.5+1.0+0.5

\\\\§

'Lepton+Jets: Kinematie

Loplon et 6.0£0.6:0.9+0.3

‘Lepton+Jets: Vertex Tag% 8.2+0.6+0.9+0.5

(L= 695 pb”)

Lepton+Jets: Soft Muon + +1.3_+_
PSS 5.3+3.3 +,5+0.3
"MET+Jets: Vertex Tag + +1.4+
i) /% 6.1:1.2 +14+0.4

"All-hadronic: Vertex Taé% 80i1 7 i3.:3i0.5

4

NN

\

(L= 311 pb”)

"Combined
(L= 76 :) ob™) | l % 731:2?3112}2')%2“1/)
0 2 4 6 8 10 12 14

o(pp — tt) (pb)

Tevatron

= Measured using many different
techniques

= Good agreement
between all measurements
between data and theory

= Precision: ~13%

LHC:

= Cross section ~100 times larger
= Measurement will be one of the first
milestones (already with 10 pb-)
Test prediction

demonstrate good understanding of
detector

= Expected precision
~4% with 100 pb-"
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Top at LHC: very clean

,"’_,400__ "I""I""I""I""I""I""I""I""l""__
§3505_ eu-channel _E
E_ E|tfdilepton _é
300§ B  other ]
250;-21_ B single top —i
200:— — Z+jets =
150 f— — W+jels _f
3 —wWwwWzizz 3
1005 : ATLAS preliminary §
505_ Simulation E
00—%23 4 567é€li ‘1—0
Number of Jets
= AtVs=7 TeV:
= About 200 pb! surpass
Tevatron top sample
statistics
= About 20 pb-! needed for
“rediscovery”

IS
o

TTTITTTITIT [ TTIT [T T IT T[T T I T T I I ITI[ ITT
RSN LRAE RN RALLE AR LELES RREH LREE LEL!

Events / 10GeV
>
o

-— ek

ATLAS Preliminary
Simulation

Cttbar
W other

Esingle t
W +jets

250 400 450 500

0 50 100 150 200 250 300
M;; [GeV]
2000 — :
ATLAS preliminary estimate
1600 Tevatron €+jets w. 8 fb™
™ /
o
g 1200 -
E]
g 800
>
(]
* /'/ eebb |
400 -Tevatron ¢ebbw. 8 bt _= //

10
Ecy (TeV)

14
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Conclusions

= Hadron collisions are complex.

= Cross sections determined by parton distribution functions
Strong rise of gluon towards low x

= Many soft particles unrelated to hard scatter
Use transverse momentum (p) as major discriminant

= Perturbative QCD describes hadron collider data
successfully:

= Jet cross sections: Ao/oc = 20-100%
= W/Z cross section: Ac/lo= 6%
= Top cross section: Ac/o = 15%
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Precision Measurement of Electroweak
Sector of the Standard Model

= W boson mass
= Top quark mass
= Implications for the Higgs boson
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The W boson, the top quark and the Higgs boson

Top quark is the heaviest known
fundamental particle
= Today: m,,=173.1+-1.3 GeV
= Run 1: m,,=178+-4.3 GeV/c?
= |s this large mass telling us
something about electroweak
symmetry breaking?
Top yukawa coupling:
<H>/(N2 mtop) = 1.005 + 0.008

Masses related through radiative
corrections:

~ 2
- mW Ivltop

= my~In(my)
If there are new particles the relation
might change:

= Precision measurement of top quark

and W boson mass can reveal new
physics

H

80.5 | B LEP 2 and Tevatron

(Preliminary)

68% CL

SM broken

SM okay |




W Boson mass

= Real precision measurement:
= LEP: M,=80.367+0.033 GeV/c?
= Precision: 0.04%
=> Very challenging!
= Main measurement ingredients:
= Lepton p+
= Hadronic recolil parallel to lepton: u;

= /Z—ll superb calibration sample:
= put statistically limited: mp = \/ 2p4 P (1 — cos Ag),
About a factor 10 less Z's than W's

Most systematic uncertainties are
related to size of Z sample

Will scale with 1/AN, (=1/AL)

Electron PFW

| \""I-.._Neutrino

Pp = lp + u.|||




Lepton Momentum Scale and Resolution

P -1 K
CDF Il preliminary J.L dtf ~ 200 pb CDF Il preliminary .[L dt ~ 200 pb”

> = >
2 & 200— +
0 0
Z 3 2 i
£ 2000 Aplp =(1.504 + 0.088,,) x 10 £ M, =(91190  67,,) MeV
5 o 7—
Jldof = 34/ 38 cC
100 —
1000 -
w4 L
| 1 1 1 1 I 1 1 1 1 I 1 1 1 ¥ HE 1 1 1 L] L L L Il “' 1
0 9 9.5 10 l]IO 80 90 100 110
m, (GeV) m,, (GeV)
CDF Il preliminary j L dt ~200 pb'1
0
CDF Il preliminary [L dt =200 pb'1 \: B
> = 4
8 4001— ,+ B - J/¥—>puu data
: L Z :
~ i 4o+ — -
2 M, = (91184 = 43) MeV + + MM 0.001 ~+¥ Z-uudata
o - : I
>
L] -
x*/dof = 32/ 30 + B
200 r * TI —————y A
L i -0.002— -1
§ y L
I f % i
L . 4 L
Rt . e 4 -
s il ~ . — R e o SO SO . L ! 1 | I 1 1 | 1 1 1
90 80 90 100 110 0'0030 0.2 0.4 q,6
m,, (GeV) <1/pr> (GeV")

= Systematic uncertainty on momentum scale: 0.04%



m7r Fit Uncertainties

Source W — pv W — ev Correlation

Tracker Momentum Scale 17 17 100%

Calorimeter Energy Scale 0 25 0%

Lepton Resolution 3 9 0%

Lepton Efficiency 1 3 0% | Limited by data
Lepton Tower Removal 5 8 100% | statistics

Recoil Scale 9 9 100%

Recoil Resolution 7 7 100%

Backgrounds 9 8 0%

PDFs 11 11 1009 | Limited by data
W Boson pr 3 3 100% | and theoret?cal
Photon Radiation 12 11 100y ! understanding
Statistical 54 48 0%

Total 60 62 -

TABLE IX: Uncertainties in units of MeV on the trans-
verse mass fit for mw in the W — pv and W — ev
samples.

= Qverall uncertainty 60 MeV for both analyses
= Careful treatment of correlations between them

= Dominated by stat. error (50 MeV) vs syst. (33 MeV)
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Events/0.5 GeV

W Boson Mass

10000

~ DO Preliminar y, 1 b’ e DATA
7500 — FASTMC CDF Run 0/l F—e——  80.436 + 0.081
5000:— — ;\{_:W —e&—— 80.478 + 0.083
- Fit Region QCD
25002 x'fdot = 48/43 CDF Run II —C— 80.413 £ 0.048
% e 70 80 90 'm', G 100 Tevatron Run-oi —— 80.432 + 0.039
= 4; ?0 Preliminary,+1 f?
PAuk T N NS A Y US| [ T
- H + + + + * ++ H +N + ++ World average (prel.) e 80.399 + 0.025
ok LI LLielTd . 2. 1eLie ot [Ta! 1 lle 1T Tel[Tie | 1o ‘aupie s T uil !t )|
T R
_2g .......... + ..... *+H++H+++ ............ #* ........ Hﬂﬂ ..... + + #Hw IDU Runll I 1) —o— Izso 401+ 0.043
u 30 80.2 80.4 80.6
“40 60 70 80 50 G 160 m,, (GeV)

New world average:

M,,=80399 + 23 MeV
Ultimate precision:

Tevatron: 15-20 MeV

LHC: unclear (5 MeV?)
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= 4 jets, 1 lepton and missing E;
= Which jet belongs to what?
= Combinatorics!
= B-tagging helps:
= 2 b-tags =>2 combinations
= 1 b-tag => 6 combinations
= 0 b-tags =>12 combinations

= Two Strategies:

= Template method:
= Uses “best” combination
= Chi2 fit requires m(t)=m(_)
= Matrix Element method:
= Uses all combinations
= Assign probability depending on
kinematic consistency with top
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Top Mass Determination

Inputs:

Jet 4-vectors
Lepton 4-vector
Remaining transverse

energy, Pt ye-
Prv=-(P1,tPT.UEt2 P jet)

Constraints:

M(Iv)=M,,

M(qq)=M,y
M(t)=M(t)

Unknown:

Neutrino p,

1 unknown, 3 constraints:

Overconstrained

Can measure M(t) for each
event: m,rec

Leave jet energy scale
(“JES”) as free parameter

Events/(5 GeV/c’)

Events/(5 GeV/c’)

2-tag

1000} [ Al Events Yo
C RMS = 27 GeV/c? >
800;_ Bl corr. Comb (47%) o
600 RMS = 13Gevic!| 12
400 2
- c
200F g
ot .

100 150 200 250 12300 350

m{*°°(GeV/c")
1-tag(L)

700;_ ] Al Events N;::
600 RMS = 31 Gevic?| >
5005‘ B corr. Comb (18%)| O
4001 RMS = 13 GeV/c? v
300% 7
200¢ c
100- 3

0 1 00 150 200 250 300 350

mre°(GeV/c?)

1-tag(T)

%ggg: [J Al Events
1600 RMS = 32 GeV/c?
1‘2188: Bl corr. Comb (28%)
10005 RMS = 13 GeV/c?

800

600E

400+

208;

100 150 200 250 12’»00 350
m*°°(GeV/c")
0-ta

900F g

800 ] Al Events

700: RMS = 37 GeV/c?

600+ Bl cor. Comb (20%)

288: RMS = 12 GeV/c?

3005

200

100E

0

100 150 200 250 I;OO 350
m{*°°(GeV/c")

Selecting correct combination

20-50% of the time
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CDF Run Il Preliminary 3.2 fb"'

-
£

Ajgs (0)
© o o =
£ N - N

=
N

S

— A(nL)=-05
— A(nL)=-2.0
— A(nL)=-45

S S
N

TR v e o by o by e by by
168 169 170 17 172 173 174 175 1;6
m, (GeV/c’)

g’lrlllllllllIIIIIIlIIIIIIIllIIlIII|III|IIII

=3
-3

m o top =
[1;'3_7 + 0.8 (stat) = 1.6 (syst) GeV] [172.1 + 0.9 (stat) = 1.3 (syst) GeV]

p |- 1 o +1.0% IR +0.9%
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Combining M

Excellent results in each channel
= Dilepton

= Lepton+jets

= All-hadronic

Combine them to improve
precision

* Include Run-I| results

= Account for correlations
Uncertainty: 1.3 GeV

= Dominated by syst.

uncertainties

Precision so high that
theorists wonder about
what it's exact definition is!

top

Results
Mass of the Top Quark (*Preliminary)
®
CDF-l di-l 167.4+10.3+4.9
o

DO-I di-I 168.4+12.3+ 3.6
. . ——

CDF-Il di-l 171.2+27+29
. _ ——

DO-I1 di-l 174.7+29+2.4

. -—_._—.
CDF-I I+ 176.1+ 5.1+ 5.3
. e

DO-1 14 180.1+ 3.9+ 3.6
. _ -

CDF-Il I+ 1721+ 09+ 1.3
. . -

DO-I1 1+ 173.7+ 0.8+ 1.6

®

CDF- all-j 186.0+10.0+ 5.7
. . -

CDF-Il all-j 1748+1.7+1.9
. - -

CDF-Il trk 175.3+6.2+ 3.0
Tevatron March'09 173.1+ 06+ 1.1

hep-ex/0903.2503 (stat) * (syst.

| | | | z@doff6:y100(19%o
|

150 160 170 180
My, (GeV/c?)

190 200

Tevatron/LHC expect to improve precision to ~1 GeV 58



LEPEWWG 03/09

: =Q"7+35
Relation: My, vs my, vs My my; =87 ,c GeV

March 2009 6-"" HiL Mgy = 157 G2V
S T - Th:e:-:::»r?/ uncertainty :
{ —LEP2 and Tevatron (prel.) t i Mﬁ; - :
0.5 -~ LEP1 and SLD S5 % i —0.02758+0.00035 h
1 % % - 0.02749+0.00012
N '%I 68% CL 4 - % teee incl. low Q2 data -
=8 -
o
O 804{ .} g3 -
; i
S 2- .
803| 4 1 ]
- 0 - Preliminary-
150 1[GeVl 200 30 300
m, [GeV] m,, [GeV]
standard Model still el Indirect constraints:
andar odael Stilt WOrkKs! my,< 163 GeV @95%CL “
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Already happened in History!

. ] [H. Murayama]
= Analogy in electromagnetism:

= Free electron has Coulomb field: AEcouoems =
= Mass receives corrections due to Coulomb field:

1 2

Ameg Te

: 2 2 .
("neC )obs — (777'6C )bare + AECoulomb-

With r,<10-77 cm:  0.000511 = (—3.141082 + 3.141593) GeV.

= Solution: the positron!

3([ 2 Tl
AE = AEcoulomb + AEpair = —mec” log

47 T MeCTe

Problem was not as bad as today’s but solved
by new particles: anti-matter
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Paul Dirac’s View of History

When I first thought of the idea I thought that this
particle would have to have the same mass as the
electron, because of the symmetry between positive
and negative masses and energies which occurs all the
way through this theory. But at that time the only
elementary particles that were known were the elec-
tron and the proton. I didn’t dare to postulate a new
particle. The whole climate of opinion in those days
‘was against postulating new particles, quite different
from what it is now. So I published my work as a
theory of electrons and protons, hoping that in some
unexplained way the Coulomb interaction between the
particles would lead to the big difference in mass be-
tween the electron and the proton.

Of course [ was quite wrong there and the mathemati-
cians soon pointed out that it was impossible to have
such a dissymmetry between the positive and negative
energy states. It was Weyl who first published a cate-
gorical statement that the new particle would have to
have the same mass as the electron. The theory with
equal masses was confirmed a little later by observa-
tion when the positron was discovered by Anderson.




Cross Sections at Tevatron and LHC

= A lot more “uninteresting” than
“interesting” processes at design
luminosity (L=103%4 cm2s™)
= Any event: 10° / second
= W boson: 150 / second
= Top quark: 8 / second

Higgs (150 GeV): 0.2 / second

Trigger filters out interesting
processes

= Makes fast decision of whether to
keep an event at all for analysis

= Crucial at hadron colliders

Dramatic increase of some cross
sections from Tevatron to LHC
= |mproved discovery potential at LHC

~ .0
'Ql”

~108

_section (n

=

o

Cross sect

102
10
10

107!

—

1072
10"
10
107
106

1077

':.'II:II

G(E7™ > 100 Gev)

hr/

Jet‘E ot > Js/ 41

Tevatron

llll

0.1

Vs (TeV)
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Luminosity Measurement

R/w = M, / BC
L - luminosity
fi. - Bunch Crossing rate
w.—- #of pp/BC

Measure events with O
Interactions
= Related to Rpp

Normalize to measured
Inelastic pp cross section

&, =60.7+2.4mb@1.96TeV v°

!i Ginel =

LM

q

O(L)-L

inelastic x-section

£,p— acceptance for a.smgl.o pPp
o(L) - detector non-linearity

pp and pp CDF

‘E710/E811

10 100
(GeV)

—
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